Here we investigated the influence of LPS-induced gut injury on antioxidant homeostasis, mitochondrial (mt) function and the level of mitophagy in piglets. The results showed that LPS-induced intestinal injury decreased the transepithelial electrical resistance, increased the paracellular permeability of F1TC dextran 4 kDa, and decreased the expression of claudin-1, occludin and zonula occludens-1 in the jejunum compared with the control group. LPS decreased the activities of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px), and increased the content of malondialdehyde in the jejunum. Meanwhile, the expression of SOD-related genes (Cu/Zn-SOD, Mn-SOD) and GSH-Px-related genes (GPX-1, GPX-4) declined in LPS-challenged pigs compared with the control. LPS also increased TNF-a, IL-6, IL-8 and IL-1b mRNA expression. LPS induced mt dysfunction, as demonstrated by increased reactive oxygen species production and decreased membrane potential of intestinal mitochondria, intestinal content of mt DNA and activities of the intestinal mt respiratory chain. Furthermore, LPS induced an increase in expression of mitophagy related proteins, PTEN-induced putative kinase (PINK1) and Parkin in the intestinal mitochondria, as well as an enhancement of the ratio of light chain 3-II (LC3-II) to LC3-I content in the jejunal mucosa. These results suggested that LPS-induced intestinal injury accompanied by disrupted antioxidant homeostasis, caused mt dysfunction and triggered mitophagy.
Introduction
The intestine is not only a major digestive and absorptive organ for nutrients, is it also an effective barrier against various infectious agents. 1 Damage to intestinal integrity increases gut permeability, leading to bacterial translocation and subsequent intestinal infection. 2 Therefore, improving restoration of the intestinal barrier may be beneficial to the health and survival of neonatal humans and animals.
Restoration of the intestinal barrier has a high demand for energy. 3 Mitochondria are the intracellular organelles that provide most of the energy consumed. 4 However, mitochondria energy metabolism is simultaneously an important source of reactive oxygen species (ROS) and an important target for the damaging effects of ROS, and ultimately results in ROS overproduction by mitochondria. 5 ROS overproduction contributes to mitochondrial (mt) dysfunction, as well as causing disruption to ATP synthesis and activation of cell death pathways. 6 Cells have developed a defense mechanism to selectively sequestrate and degrade dysfunctional mitochondria before they can harm the cell. 7 This defence mechanism is called mt autophagy, or mitophagy. It would be of great interest to determine the effect of acute intestinal disruption on mt function and the level of mitophagy, for which no data are currently available. In this study, we utilized a model that induced acute intestinal disruption by injecting LPS. 8, 9 We aimed to determine whether mt dysfunction and mitophagy are involved in the intestinal barrier alterations observed after LPS injection. We hypothesized that LPS injection might influence intestinal barrier function, antioxidant balance, inflammatory status and mitochondria function, and trigger mitophagy.
Materials and methods

Animals and experimental design
All procedures were approved by the Zhejiang University Animal Care and Use Committee. Twelve male Duroc Â Landrace Â Yorkshire 35-d-old pigs (weaned at 21 d of age), with an average body mass (BM) of 9.8 kg, were allotted to two treatments of six piglets each: a challenged group and a control group. At the beginning of the experiment, the challenged piglets were injected i.p. with Escherichia coli LPS (E. coli serotype 055: B5, Sigma Chemicals, St. Louis, MO, USA) at 100 mg/kg BM and the control group was injected with the same volume of 0.9% (w/v) NaCl solution. The dose of LPS was chosen to cause acute intestinal injury in accordance with previous studies. 10, 11 Pigs were individually housed in pens (1.8 Â 1.1 m 2 ) in an environmentally controlled nursery barn. The piglets had access to feed and water ad libitum.
Sample collection
All piglets were killed after 7 d according to previous studies. 8, 9, 12 Piglets were euthanized with an intravenous injection of sodium pentobarbital (200 mg/kg BM) and the gastrointestinal tract was removed quickly. Segments of proximal jejunum were harvested immediately post mortem, and prepared for Ussing chamber studies and isolation of intestinal mitochondria. Mucosal scrapings from the adjacent jejunum were collected, frozen rapidly in liquid nitrogen and stored at -80 C.
Ex vivo Ussing Chamber to Measure Intestinal barrier function
Tissues were mounted in an EasyMount Ussing chamber system (model VCC MC6; Physiologic Instruments, San Diego, CA) as previously described. 2 Briefly, data was collected automatically using Acquire and Analyze software (Physiologic Instruments, San Diego, CA, USA). Transepithelial electrical resistance (TER) was recorded at 15-min intervals over 1 h after a 15-min equilibration period. The fluxe of F1TC dextran 4 kDa (FD 4 ) was used to evaluate the epithelial barrier function as previously described. 13, 14 Probe (400 mg/ml FD 4 ; FD4-100MG; Sigma-Aldrich, St. Louis, MO) was added into the mucosal side. The concentration of FD 4 in the serosal side was measured in a fluorescence microplate reader (FL Â 800; BioTek Instruments, Inc., Winooski, VT, USA). The excitation and extinction wavelengths were 492 and 520 nm, respectively.
Isolation of mitochondria
All procedures for mt isolation were conducted at 4 C. Mitochondria were isolated from jejunum mucosa using a Tissue Mitochondria Isolation Kit (Beyotime Institute of Biotechnology, Jiangsu, China) according to the manufacturer's instructions.
Intestinal mt ROS assay
Isolated intestinal mitochondria were treated with 2 0 ,7 0 -dichlorohydro-fluorescein diacetate (DCFH-DA), which can pass through the mt membrane and is hydrolyzed by intracellular esterase. The esterases cleave DCFH-DA at the two ester bonds, producing a relatively polar and cell membrane-impermeable product, H 2 DCF. This non-fluorescent molecule accumulates intracellularly, and subsequent oxidation yields the highly fluorescent product DCF. Accumulation of DCF may be measured by an increase in fluorescence at 528 nm when the sample is excited at 485 nm. The isolated mitochondria (0.4 mg/ml) were treated with 2 mmol/l DCFH-DA and incubated at room temperature (24 C) for 20 min. The fluorescence intensity was detected using a fluorescence microplate reader as described. 15 Intestinal mt membrane potential assay Changes in mt membrane potential (4Ém) were measured using a mt membrane potential assay kit with the cyanine dye JC-1 (5,50,6,60-tetrachloro-1,10,3, 30-tetraethylbenzimidazolylcarbocyanine iodide) (Beyotime Institute of Biotechnology) according to the manufacturer's instructions. Briefly, isolated mitochondria were suspended in 0.5 ml medium containing 5 mmol/l JC-1. Samples were analyzed by automatic fluorescence microplate reader (FL Â 800, Bio-Tek Instruments, Inc.). The values of OD at 590 nm and 530 nm were determined by a spectrofluorometry. As the 4Ém is proportional to the ratio of OD 590 nm to OD 530 nm , the 4Ém was expressed as OD 590 nm / OD 530 nm . 16, 17 Analysis of mtDNA content in the jejunum
The content of mtDNA relative to nuclear genomic DNA was measured by amplifying the mt D-loop and the nuclear-encoded b-actin genes using real-time PCR assay as described previously. 18 Total DNA was extracted from proximally jejunal mucosa using a TIANamp Stool DNA Kit (Tiangen Biotech, Beijing, China), following the manufacturer's instructions. The primers used are presented in Table 1 
Determination of the activities of respiratory chain complexes I-IV in intestinal mitochondria
According to a previous report, 19 mt respiratory chain complexes activities quantitative determination kits were used to evaluate the enzyme activities of complexes I (NADH-CoQ reductase), II (succinate-CoQ reductase), III (CoQ-cytochrome c reductase), and IV (cytochrome c oxidase) according to the manufacturer's instructions (GenMed Scientifics, Shanghai, China).
mRNA expression analysis by RT-PCR
The mRNA levels of copper and zinc superoxide dismutase (Cu/Zn-SOD), manganese-containing superoxide dismutase (Mn-SOD), glutathione peroxidase 1 (GPX-1) and glutathione peroxidase 4 (GPX-4) were analyzed as described by a previous study. 20 The sequence of primers used for the qPCR are shown in Table 1 . Total RNA was extracted from jejunal mucosa using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), following the manufacturer's guidelines. The concentration and purity of all RNA samples were measured using a Nano Drop spectrophotometer (ND-2000; NanoDrop Technologies, Wilmington, DE, USA). Reverse transcription using the PrimeScripte RT reagent kit (TaKaRa Biotechnology, Dalian, China) was carried out following the manufacturer's manual. Quantitative analysis of PCR was carried out in a StepOne Plus real-time PCR system (Applied Biosystems, Foster City, CA, USA) using SYBR Green Master mix (Promega, Madison, WI, USA), according to the manufacturer's specification. Genespecific amplification was determined by melting curve analysis and agarose gel electrophoresis. The 2 -ÁÁCt method was used to analyze the relative expression (fold changes), calculated relative to the values from the control group. ÁÁCT was computed for each target gene from the treatment groups by subtracting the average ÁCT for the control group. The final fold differences were computed as 2 -ÁÁCt for each target gene. All samples were run in triplicate. Our results showed that b-actin exhibited no difference among different time points.
Protein expression analysis by Western blot
Western blot analysis was performed according to the procedures outlined by Hu et al. and Larson-Casey et al. 2, 21 Briefly, after electrophoresis, the proteins were transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA). The membranes were incubated with primary Ab at 4 C for 10 h and then with the secondary Ab for 2 h at room temperature. The primary Abs [occludin, claduin-1, zonula occludens-1 (ZO-1), light chain 3-I (LC3-I), LC3-II, Parkin, (PTEN-induced putative kinase) Pink1, VADC, b-actin] were purchased from Santa Cruz Technology Inc. (Santa Cruz, CA, USA). The secondary Ab was HRP-conjugated anti-rabbit Ab (Cell Signaling Technology, Danvers, MA, USA). Western blot was detected with an enhanced chemiluminescence detection kit (Amersham, Arlington Heights, IL, USA), photographed by a ChemiScope 3400 (Clinx Science Instruments, Shanghai, China) and analyzed using Quantity One software. b-Actin and VDAC were used as internal controls, and 
Statistical analysis
One-way analysis of variance (ANOVA) was conducted using SPSS 20.0 statistical package (SPSS Inc., Chicago, IL). Differences among means were tested using Student's t-test. Effects were considered significant at P < 0.05.
Results
Intestinal barrier function and tight junction expression
The data for jejunal barrier function of piglets are summarized in Table 2 . Compared with the control group, the pigs challenged with LPS reduced (P < 0.05) TER in the jejunum, and also increased the mucosal-to-serosal flux of FD4. Figure 1 shows the protein expression of occludin, claudin-1 and ZO-1 in the jejunal mucosa. Compared with the control group, LPS challenge decreased (P < 0.05) protein levels of occludin, claudin-1 and ZO-1 in the jejunal mucosa.
Activities of SOD, GSH-Px, and malondialdehyde, and expression of antioxidant enzymes-related genes in the jejunum
The activities of SOD, GSH-Px and content of malondialdehyde (MDA) in intestinal mucosa are shown in Table 3 . Compared with the control group, LPS injection resulted in reducing the activities of SOD, GSH-Px in jeunum. And then, a greater (P < 0.05) content of MDA in the jejunal mucosa was observed in LPS group compared with control group. Table 4 shows the expression of antioxidant enzymes-related genes in the jejunum. Compared with the control group, the 
Pro-inflammatory cytokine mRNA
The mRNA abundance of cytokines (TNF-a, IL-6, IL-8 and IL-1b) in the jejunal mucosa of piglets is shown in Table 5 . Compared with the control group, LPS increased (P < 0.05) the mRNA abundance of TNF-a, IL-6, IL-8 and IL-1b.
Intestinal mt ROS production and 4Ém
Mitochondrial ROS production and mt 4Ém in the jejunum are presented in Figure 2a and b. Compared with the control group, LPS injection increased (P < 0.05) the mt ROS production and deceased (P < 0.05) mt membrane potentials (4Ém) in the jejunum.
Mitochondria DNA content in jejunum and activities of intestinal mt respiratory chain complexes I-IV
The mtDNA content in jejunum and activities of intestinal mt respiratory chain complexes after injecting LPS are shown in Figure 3 . Compared with the control group, LPS injection resulted in decreased (P < 0.05) the mtDNA content in jejunum and activities of intestinal mt respiratory chain complex I-IV.
Expression of mitophagy related proteins Figure 4 presents the expression of mitophagy related proteins in the mt and jejunal mucosa of piglets. In comparison with the control group, LPS challenge increased (P < 0.05) expression of PINK1 and Parkin in the jejunal mitochondria. Correspondingly, the results showed that administration of LPS enhanced (P < 0.05) both the abundance of LC3-I and LC3-II and the ratio of LC3-II to LC3-I content in the jejunal mucosa.
Discussion
Intestinal mucosa plays a vital role in the digestion and absorption of nutrients. It also provides a physical barrier to prevent the diffusion of pathogens, toxins and allergens from the external environment into tissues. translocation of luminal antigens into subepithelial tissues, inciting mucosal and systemic inflammatory responses. 2 Hence, improving the restoration of intestinal barrier may be beneficial for the health and survival of neonatal humans and animals. In the present study, we took advantage of a model for inducing gut injury in pigs by injecting E. coli LPS. 9, 11, 22 LPSinduced intestinal injury in piglets is a well-established animal model for studying infant nutrition and gastrointestinal physiology. 8, 9 An intact intestinal barrier plays a central role in preventing the penetration by luminal bacteria and dietary allergens into the mucosa. 1 The intestinal epithelial barrier is the first line of defense against a hostile environment within the intestinal lumen. 13 In the present experiment, the Ussing chamber technique was used to monitor intestinal barrier function in terms of TER and flux of FD4. The TER is considered to reflect the opening of TJs between epithelial cells and the paracellular permeability of the intestinal mucosa. 13 The flux of intact FD4 across the intestinal epithelium occurs mainly through paracellular pathways. 14 A decreased TER and increased flux of FD4 reflects an impaired intestinal barrier. 13 We found that LPS injection disrupted intestinal mucosal barrier function. Similarly, previous studies demonstrated that LPSinjection results in destruction of intestinal barrier as demonstrated by high activity of diamine oxidase in the serum of piglets. 23, 24 The intestinal barrier is formed mainly by a layer of epithelial cells joined together by TJs that are composed of a layer of columnar epithelium and interepithelial TJs. 3 Our present results showed that protein abundance of occludin, claudin-1, and ZO-1 of the LPS group was decreased compared with the control group. This result is consistent with the increased intestinal epithelial paracellular permeability.
In the current study, the redox status of jejunum was determined by evaluating the product of oxidative injury, activity of antioxidative enzymes and expression of related genes. SOD supplies an effective disproportionation of superoxide anions to H 2 O 2 and O 2 -which protects the organism from oxidative damage. 25 We found that SOD activity in the jejunum after injection with LPS was decreased compared with the control group. Furthermore, we found that LPS decreased the mRNA level of SOD-related genes (Cu/Zn-SOD, MnSOD), which was consistent with the jejunum SOD activity alteration pattern. The GSH-Px takes charge of the elimination of H 2 O 2 and lipid hydroperoxides. 25 The present results showed that LPS decreased the activity of GSH-Px compared with the control, which was consistent with the expression of GPX-1 and GPX-4 in the jejunal mucosa. Additionally, the product of lipid peroxidation, i.e. MDA content in jejuna mucosa, increased significantly after administration with LPS, consistent with a previous report. 26 The lower antioxidant enzymes and greater MDA content verified the imbalance of oxidative and antioxidant systems induced by LPS. Cytokines also play an important role in regulation of intestinal barrier integrity. 2, 23 Overproduction of pro-inflammatory cytokines has a negative influence on gut integrity and epithelial function. 27 In the present study, pro-inflammatory cytokines (TNF-a, IL-6, IL-8 and IL-1b) gene expression was elevated in the jejunal mucosa of piglets challenged with LPS, which was consistent with previous studies. 22, 28 LPS is recognized by, and binds to, TLR4, thereby inducing production of pro-inflammatory cytokines IL-8 and IL-1b. 29 In turn, these cytokines stimulate the production, or potentiate the action, of other pro-inflammatory cytokines such as TNF-a and IL-6 produced by APCs. 30 Actually, mt ROS drive pro-inflammatory cytokine production. Moreover, the mitochondrion has a central role in energy metabolism homeostasis through the mt respiratory chain. Meanwhile, the mt respiratory chain is the major source of intracellular ROS generation, but is also an important target for the damaging effects of ROS. 5 Mitochondrial insults, including oxidative damage itself, can cause an imbalance between ROS production and removal, resulting in ROS overproduction. 4 So far, information regarding ROS production by intestinal mitochondria in acute intestinal disruption of piglets is unavailable. In the present study, we demonstrated, for the first time, that ROS production by intestinal mitochondria increased significantly in LPS-treated piglets. West et al. had shown that the level of mt ROS production increased significantly when RAW 264.7 macrophages were stimulated with LPS. 31 Mitochondrial ROS also contribute to macrophage bactericidal activity, through mechanisms linking innate immune signalling. 31 Lee et al. reported that TNF-a/IFN-g potentiates iNOS/NO induction, ROS production, and loss of ÁÉm synergistically, playing an important role in promoting the apoptosis and liver injury induced by LPS. 32 A possible reason for the high level of ROS of mitochondria may be that the antioxidative enzyme system was disrupted after administration of LPS, 33 so the ROS degradation process was not sufficiently maintained, resulting in an excess of ROS. When ROS produced by the electrontransport chain accumulates up to a threshold level, it triggers the opening of the inner membrane anion channel (IMAC). The opening of the IMAC releases ROS from the mt matrix, resulting in mt membrane depolarization. 34 However, no data is available related to the influence of intestinal injury on polarized state of mitochondria in piglets. In the current study, we demonstrated, for the first time, that LPS-induced intestinal injury significantly decreased the 4Ém of intestinal mt in piglets. Yuan et al. had discovered that LPS-mediated p53 activation, loss of mt membrane potential, caspase-3 activation, decrease of Bcl-2 expression in RAW264.7 macrophage. 35 We speculate that increased intestinal mt ROS production caused by LPS may cause the opening of mt permeability transition, leading to the depolarization of intestinal mt membrane. The mitochondrion has a pivotal role in energy metabolism through its respiratory chain, which is the primary source of ROS. 34 The major target of ROS is mtDNA, since this is close to the mt respiratory chain and lacks protective histones. 36 Mitochondrial DNA damage may result in cell death through disrupted electron transport, depolarized mt membrane, and disturbed energy production. 36 Therefore, mtDNA content is a potential biomarker of mt dysfunction. 37 So far, information regarding mtDNA content in LPSinduced intestinal injury of piglets is unavailable. Therefore, we determined, for the first time, that the content of jejunal mtDNA was markedly lower in LPS-challenged pigs. Deng et al. had shown that LPS-induced mtDNA release causes acute lung injury and systemic inflammation through TLR9 in mice. 38 Liu et al. reported that LPS treatment decreased hepatic ATP and NADH levels and the expression levels of most mtDNA-encoded genes as well as mt complex I, IV and V activities. 39 A possible reason for the low content of mtDNA in jejunum in the present experiment may be that the antioxidative enzyme system was disrupted after LPS injection, so that ROS degradation was not sufficiently maintained, resulting in disruption and mutation of mtDNA. Furthermore, mtDNA encodes multiple polypeptide subunits comprising the oxidative phosphorylation complexes (I, III, IV), except for complex II, which is encoded by the nuclear genome. 40 Since the mutations of mtDNA would subsequently lead to impairment of oxidative phosphorylation complexes, overproduction of ROS and production of pro-apoptotic protein would ultimately lead to cell death and tissue damage. Nevertheless, no information is available related to the influence of LPS-induced intestinal injury on the activity of the mt oxidative phosphorylation complexes of pigs. Therefore, in the current study, we demonstrated for the first time that, after challenge with LPS, the activity of mitochondria oxidative phosphorylation complexes I, II, III, IV was dramatically decreased. Noh et al. reported that systemic injection of LPS induces region-specific neuroinflammation and mt oxidative phosphorylation complex II, III dysfunction in mouse brain. 41 Zhou et al. found a significant decrease of activity of the mt respiratory chain under endotoxin-induced intestinal injury in rats. 42 Sun et al. demonstrated that LPS-induced human umbilical vein endothelial cell apoptosis occurs via decreasing the activities of mt respiratory chain complexes (I, II, III, IV, and V). 43 We speculated that LPS injection led to overwhelming superoxide and mt depolarization (decrease in mt membrane potential), which disrupt the activity of mt oxidative phosphorylation complexes, resulting in a decline in energy generation and disruption of intestinal integrity.
In response to damaged mitochondria, cells have developed a self-protection mechanism to degrade the dysfunctional mitochondrion before it causes activation of cell death. 44 This process is known as mt autophagy, or mitophagy, and is triggered by ROS overproduction and depolarization of the mt membrane. 45 Nevertheless, no information was available regarding mitophagy during the LPS-induced intestinal injury in piglets. To explore whether mitophagy is involved in intestinal disruption induced by LPS, we determined whether injection with LPS influenced the expression level of mitophagy-related proteins in piglets. It was demonstrated that PINK1 and parkin play an important role in mediating mitophagy. 45, 46 PINK1 is expressed in healthy, polarized mitochondria, and then degraded rapidly by proteolysis and maintained at very low levels. 46 PINK1 accumulation in damaged mitochondria is necessary for Parkin recruitment to induce mitophagy after mt depolarization stemming from overwhelming oxidative damage. 47 In the present research, we revealed that LPS-injection increased PINK1 and Parkin protein abundance in the mitochondrion. During initial phagophore formation in the mitophagy process, LC3-I is modified and converted to LC3-II, which is translocated to the membrane of autophago-and autolysosomes. 48 Our results showed that LPS promoted the conversion of LC3-II from LC3-I, indicating that the autophagosome contained dysfunctional mt formation in the jejunum. Mitophagy in this study may protect cells against cell death caused by the LPS challenge in the intestine of piglets due to damaged mitochondria being taken up by autophagosomes and subsequently degraded by lysosomes, which contributes to intestinal homeostasis.
In summary, LPS challenge disrupted intestinal barrier function, impaired intestinal antioxidant balance, and caused mt dysfunction in pigs. Furthermore, levels of mitophagy-related proteins were up-regulated in intestinal mitochondria in response to LPS-induced intestinal injury in pigs.
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